Spatial tactile displays allow for the cueing of directional information without drawing upon the visual and auditory channels. This work highlights the effectiveness of a tactual display versus a spatial auditory display baseline for augmenting a visual search task. Touch provides highly salient and covert signals that narrow the visual search space, potentially shortening response times, improving accuracy, and imposing minimal additional demand upon visual and auditory channels. Applications of this display technology for spatial location of targets include acquisition of potential threats in simulated and real combat environments, as well as improved localization of objects for first responders or for those with sensory impairments.
INTRODUCTION
The visual system is arguably the greatest provider of spatial information to the higher cognitive functions of the brain. Visual display terminals (VDTs) are the dominant vehicle for information presentation, ranging from plasma televisions to cathode ray tube (CRT) televisions, head-mounted displays (HMDs), and next generation organic light emitting diodes (OLEDs). These media allow the operator access to unprecedented amounts of visual information. It is perhaps this enormous onslaught of information that represents the greatest strength yet weakness for visual displays. For the operator in a visuallyflooded environment, providing vitally relevant information via the visual channel may impose a serious distraction. In the context of this work, directional information presented visually competes with the very resources necessary for the completion of a visual search task. The challenge then is to present spatial cueing without imposing undue workload on the operator.
The next logical sensory choice for presenting spatially relevant information is audition. Although vision provides unsurpassed resolution for spatial information, it is limited to a field-of-view. The narrow fovea further reduces the area for greatest resolution, which decreases steeply in the periphery. Spatial auditory signals circumvent the field-ofview limitations of the visual system. Audition is, for the most part, omni-directional and capable of providing spatial information in three dimensions with a limited resolution. If a spatial auditory signal indicates a target outside of the operator's visual field, the operator's gaze will naturally orient toward the perceived target position regardless of initial gaze position. Begault (1993) used spatial auditory displays for collision avoidance systems in aviation and found a significant reduction in response time for target acquisition. Given the advent of spatial auditory displays, the key for providing directional information without drawing upon the resources of the visual system could be critical depending upon the situation.
However, auditory displays possess their own set of inherent limitations. Sensory resource demands can overburden the auditory channel as easily as the visual system. Auditory information is subject to a two-pronged interference problem with environmental acoustic information. Spatial auditory signals may mask important environmental sounds. Conversely, loud environmental auditory stimuli may interfere with information conveyed by the spatial auditory display. This duality of the acoustical interference problem presents difficult design challenges and highlights the need for potential alternatives that can overcome these limitations.
The Tactile Solution
Traditional information displays are visual or auditory in nature with relatively high bandwidth, providing large quantities of information that contribute to overload. An alternative for designers of human-machine systems is to take advantage of tactile stimulation. Arguably the most salient example of such an everyday tactile interface is the ubiquitous use of vibrotactile alerts in electronic telecommunication devices such as cellular phones and beepers. In these cases, the vibration serves as a personal, covert signal indicating an incoming phone call or page. In some cases, multi-sensory cues are combined, such as in the case of multisensory paging "coasters" that signal patrons at bustling restaurants through both visual and vibratory alerts.
The utility of tactile interfaces goes far beyond alerting mechanisms in consumer products. Their potential is to expand communications to other information, such as directional cueing, through the projection of proximal stimulation to distal referents. This type of functionality is not without precedence. For example, Rupert's (2000) Tactile Situation Awareness System (TSAS) consists of a wearable tactile display integrated into a flight vest for providing spatial orientation information. Rupert and colleagues have also experimented with using tactile displays for presenting targeting information.
The purpose of the current work is to highlight the natural effectiveness of a vibrotactile display for providing alert and directional cueing information of distal visual stimuli versus a three-dimensional auditory cueing during a visual search task. Though both systems enjoy relative benefits, the vibrotactile display system provides an underutilized and less interfering solution that may outperform auditory displays, both for traditional spatial and non-spatial displays in a number of applied operator environments. This could include the localization of potential threats in combat settings as well as improved localization of objects for first responders or for those with sensory impairments.
Demonstrated System
The display is comprised of eight vibrating tactile actuators, called "tactors," that are attached to an elasticized Velcro® belt and provide the sensory input. The tactors are spaced equidistantly and worn around the abdomen just above navel height. This allows input to be adjusted individually to every 45-degree increment along the azimuth. This particular configuration is based upon vibratory localization data presented by Cholewiak, Brill, and Schwab (in press ). The tactors are driven using a function generator and timed for onset and duration using a custom-built driver system and proprietary software. The tactors present a repeating pulse of sinusoidal vibration (200 ms on -50 ms off) approximately 24 dB above mean threshold. Specified targets are presented in a realistic scenario to the operator while navigating through a PC-based virtual landscape. For example, if the target is located to the operator's right, a vibratory pulse will be presented on the right side of the operator's abdomen. Similarly, a vibratory pulse on the spine signals that the target is located directly behind the operator.
A comparator spatial auditory display is presented via headphones. Stimuli generated using the NASA SLAB v.5.3.0 (NASA, 2002) software for spatializing auditory stimuli are presented to the operator in a configuration corresponding to the tactor arrangement at increments of 45 degrees. The intracranial auditory stimuli are a suitable selection of overlapping sinusoid frequency pulses (200 ms duration with 50 ms inter-stimulus interval) that provide binaural information in lower and higher frequency ranges for auditory localization using interaural intensity differences and interaural time differences (Blauert, 1983; Duda, 1994) . Due to impracticalities of head-tracking equipment, in this demonstration, operators will not be able to use head movements in order assist in the localization of auditory cues
Benefits
The primary benefit of a tactile cueing system is it allows a person to use non-visual cues to narrow the target search space before actually engaging in visual search . Moreover, tactile cues also offer the added potential benefit of imposing minimal mental resource competition. The possibilities for integration with applied operator systems are also promising. Since this is purely a system for display of directional cues, it can potentially be integrated into any sensing system capable of providing target position data relative to the user. At present, the primary manifestation of this application is target acquisition for dismounted soldiers. Other possible applications of this tactile display include search and rescue operations, law enforcement, in addition to areas in the private sector.
Limitations
Besides the practical considerations of "suiting up," the primary limitation of the tactile display system is in the amount of information that can be transmitted. Touch is inherently limited in the size of its information bandwidth for communication. If communication of too much information is attempted, the intrinsic advantage of appealing to touch is lost. Touch is an excellent modality for providing alerting and directional cueing information, but it may not offer the best conduit for presenting more complicated information that requires extensive coding.
Summary
Tactile communication of relevant spatial information can greatly aid an overburdened operator in a three-dimensional workspace. In the context of a visual search task, vibrotactile cues can enhance user performance. Despite their limitations, the potential gains in localization accuracy, in response time reduction, and in modality interference attenuation make spatial tactile displays a viable alternative for directional cueing. Though not suitable for all applications, designers should consider tactile displays as a potential avenue for communicating spatial information and augmenting operator performance without drawing significantly upon resources allocated to visual and auditory tasks.
